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Many plants contain ca1cium oxalate crystals in leaves or stems. Crystal chemistry of them 
was studied in comparison with ca1cium oxalate produced by the precipit邑tionin aqueous solu-
tion. By the precipitation， three kinds of ca1cium oxalate crystals， such as monohydrate， 
dihydrate， and trihydrate were produced. In plants monohydrate and dihydrate of ca1cium ox-
alate were observed. Ca1cium oxalate monohydrate crystallized as longish hexagonal plate parti-
cle and dihydrate crystallized as octahedral particles in both plants 邑ndaqueous solution. 
Ca1cium oxalate trihydrate could be produced only by authentic precipitation. Needle crystals 
of ca1cium oxalate monohydrate were only found in plants such as aloe， agave， etc. The forω 
mation of three kinds of ca1cium oxalate in aqueous solution and in plants depended on pH 
of medium and the presence of citrate， malate or succinate. The growth direction of the 
crystal of ca1cium oxalate monohydrate and the crystal system of three kinds of calcium ox-
alate were confirmed. 
Introduction 
OxaIic acid was produced in plant leaves by ox-
idation of glyoxalic acid in the process of 
photosynthesis or concerning the formation of 
methioninel.2). OxaIic acid combines with calcium， 
which is absorbed from root and exists in excess， 
and the protoplasm is protected from toxic action 
of oxalic acid3). Calcium oxalate is formed in 
cytoplasm and stored in vacuoles4). Calcium ox-
alate crystals found in plants show many kinds of 
shapes such as octahedron， pyramid， prism， rhom-
bic plate， needle， spherical aggregate， etc. 5.6). 
On the other hand calcium oxalate precipitates in 
aqueous solution at room temperature usually coル
sist of monohydrate and dihydrate7). Calcium ox-
alate precipitates as monohydrate at high 
temperature by the gravimetric analysis of calcium8). 
Calcium oxalate monohydrate is composed of 
longish hexagonal plate crystals and crystallizes as 
the monoclinic crystaP.8). Calcium oxalate dihydrate 
is prepared in dilute hydrochloric acid solution， 
and crystallizes as the tetragonal crystaF). Calcium 
oxalate rarely crystallizes as trihydrateIO). 
In the author's investigation each of calcium ox-
alate monohydrate， dihydrate and trihydrate was 
prepared in pure state by the precipitation in 
aqueous solution and each compound showed 
typical morphologylll. Ca1cium oxalate crystals 
isolated from plants were analyzed in comparison 
with those prepared by the precipitation in aqueous 
solution. This method of analysis is called mor-
phological analysis. In this paper the crystal 
chemistry of calcium oxalate formed by the 
precipitation and found in plants is discussed from 
a viewpoint of analytical chemistry. 
Crystal chemistry of calcium oxalate 
precipitates 
Formation 01 calcium oxalate precipitates 
40 cnl of water， 20 cnl of pH 7 buffer solution 
(0.66 M sodium acetate solution was added by a 
Iitle quantity of acetic acid) and 20 cnl of 0.05 M 
oxalic acid were taken into a 200 cnl beaker， and 0 
to 2 g sodium citrate or malate was added to the 
solution. To the mixed solution， 20 cnl of 0.05 M 
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calcium chloride solution was added drop by drop diluted with water to 100 cnl. Each 20 cnl portion 
with continuous stirring at room temperature or at of the solution was titrated with a standard solu-
80 to 90 .C. The precipitates were filtered， washed tion of EDT A and potassium permanganate and 
with water and used for analysis. the contents of calcium and oxalate were determin-
ed， fo1Jowed by the caJculation of molar quantity 
Chemical composition 01 calcium oxalate of water of crystallization 12). The results are shown 
precipitates in Table 1. 
100 to 150 mg of caJcium oxalate precipitate， X-ray diffraction analysis (XRD) also approved 
which was filtered， washed and dried at room of caJcium oxalate precipitates as shown in Fig.114). 
temperature， was dissolved in sulfuric acid and 
Table 1. Content of water of crystallization in caJcium oxalate by th巴 titrationof calcium and oxalate 
Precipitate measured Calculated 
Precipitation method 
taken/mg Ca/mmol C204/mmol 日20/mmol
80t: 141.3 0.9644 0.9588 1.004 
NaCiγ0.5g 99.4 0.5972 0.6001 1.261 
NaM材料0.5g 146.2 0.8877 0.8917 1.789 
NaCit 2.0g 11.8 0.6056 0.6190 1.837 
NaMal 2.0g 113.1 0.6087 0.6203 1.894 
* NaCit: sodium citrate * NaMal: sodium malate 
CaJcium oxalate precipitated at 80 to 90 t: was 
confirmed as monohydrate. Calcium oxalate 
crystals precipitated in the presence of 0.5 g and 
1.5 g sodium citrate or malate were confirmed as 
dihydrate and trihydrate respectively. 
Morphology and crystal analysis 01 calcium 
oxalate precipitates 
Calcium oxalate monohydrate， dihydrate and 
trihydrate were observed with a scanning electron 
microscope (SEM) (Akashi MSM 101) as shown in 
Figs. 2， 3 and 4. Calcium oxalate monohydrate 
was composed of longish hexagonal plate crystals 
and their aggregates. Calcium oxalate dihydrate was 
composed of octahedral crystals and their ag-
gregates. CaJcium oxalate trihydrate was composed 
of paraJlelogram plate crystals. 
The precipitates of caJcium oxalate monohydrate， 
dihydrate and trihydrate were an昌lyzedby XRD 
and decided to belong to monoclinic system (P2I1n)， 
tetragonal system 04/n) and triclinic system respec-
tively in comparison with ASTM card's dataI2)-14). 
Crystal chemistry of calcium oxalate 
isolated from plants 
Analytical method 01 calcium oxalate in plants 
1 Direct observation of calcium oxalate crystals 
in plants with an optical microscope 
A piece of leaf was held in a pith of elderberry 
and cut into thin pieces with a safety razor. A 
thin section was placed onto a slide glass with a 
drop of water and a cover glass was p百tonto it. 
The specimen was observed with an optical 
microscope equipped with a sharp colored polariz-
ing filter X -FRC (Nikon). Calcium oxalate 
crystals were shining as greenish yeJlow objects. 
The image was recorded onto a color film. 
2 Direct observation of calcium oxalate crystals 
in plants with a SEM 
Sample leaf was cut into 5x5 阻 piecesand fix明
ed with glutaraldehyde. The specimen was 
dehydrated in aJcohol and aJcohol in sample was 
exchanged for amyl acetate. Then the sample was 
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Fig. 1. X -ray diffraction data of calcium oxalate crystals 
a: Calcium oxalate precipitated at 80"C h: Calcium oxalate isolated from aloe 
b: Calcium oxalate precipitated in the presence of 0.5 i: Calcium oxalate isolated from agave 
g sodium malate j: Standard calcium oxalate monohydrate (ASTM 
c: Calcium oxalate precipitated in the presence of 1.5 card 20-231) 
g of sodium citrate k: Standard calcium oxalate dihydrate (ASTM card 
d: Calcium oxalate isolated from begonia 17-541) 
e: Calcium oxalate isolated from goose foot 1: Standard calcium oxalate trihydrate(ASTM c証rd
f: Calcium oxalate isolated from spinach 20-232) 
g: Calcium oxalate isolated from stem of fir 
dried in CO2 using the critical point method. Dried After washing， the leaves were cut into small 
leaf was cut with a sharp razor and the section pieces and pulverized in water with a food dlender. 
was examined under the SEM. The mixture was poured into a beaker and stood 
3 Isolation method of calcium oxalate crystals for 30 minutes and filtered through qauze. The 
from plants (Ishiー Takiyama'smethod) residue was squirted with water to fal down par・
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Fig. 2. Ca1cium oxalate precipitated at 80'C (C品C204 Fig. 15. Aggregate particle of caicium oxalate 
oH20) dihydrate isolated from spinach 
Fig. 3. Calcium oxalate precipitated in the presence Fig. 16. Calcium oxalate isolated from stem of fir 
of 0.5g sodium malate (CaC204・2H20) Fig. 17. Calcium oxalate isolated from Japanese tea 
Fig. 4. Calcium oxalate precipitated in the presence Fig. 18. Calcium oxalate isolated from aloe 
of 1.5g sodium citrate (CaC204・3H20) Fig. 19. Calcium oxalate isolated from agave 
Fig. 7. Calcium oxalate at the section of begonia Fig. 20. Calcium oxalate isolated from polyanthus 
Fig. 8. Calcium oxalate at the section of goose foot Fig. 21. Calcium oxalate isolated from hydrangea 
Fig. 9. Calcium oxalate at the sect on of aloe Fig. 22. Selected area electron diffraction of caicium 
Fig. 10. Calcium oxalate inner part of bark of fir oxalate monohydrate precipitated in aqueous solu-
Fig. 11. Calcium oxalate isolated fromも巴gonia tion 
Fig. 12. Calcium oxalate isolated from goose foot Fig. 23. Selected area electron diffraction of calcium 
Fig. 13. Single crystals of calcium oxalate isolated oxalate isolated from aloe 
from spinach Fig. 24. Selected area electron diffraction of caicium 
Fig. 14. Aggregate particle of calcium oxalate oxalate isolated from agave 
monohydrate isolated from spinach 
ticles into the filtrate. Many small particles sank in sample bottle13l • 
the filtrate. Upper part of the filtrate was drained From the internal part of the bark of trees， 
off and white particles were carefully gathered into calcium oxalate particles were obtained as almost 
a beaker. Dried paτticles were stored in a small the same method described above. 
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Fig･5･CalciumoxalatecrystalsinspinachobservedwithTanopticalmicroscope
Fig.6.CalciumoxalatecrystalsinaloeobservedwithanoptlCalmicroscope
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4 Morphological and crystal analysis of calcium 
oxalate crystals isolated from plants 
The crystals were observed with the SEM to 
clarify the morphology of them and analyzed by 
the XRD to certify the crystal structure. 
The chemical composition of crystals isolated 
from plants was estimated from the morphology of 
the single crystals or those composed of aggregate 
particles in comparison with the morphology of the 
crystals of calcium oxalate monohydrate or 
dihydrate prepared by the precipitation described 
before. 
The crystals isolated from plants certified their 
crystal structure by the XRD. From the results of 
XRD， chemical composition of crystals was clearly 
estimated. 
The proportion of ca1cium oxalate dihydrate to 
calcium oxalate monohydrate in their mixed 
crystals was also analyzed by the x -ray diffraction 
as described below. 
Results of analysis of calcium 
oxalate crystals isolated from plants 
1 Calcium oxalate crystals found in plants 
Optical micrographs of leaves of spinach and 
aloe are shown in Figs.5 and 6. Ca1cium oxalate 
crystals were easily observed as greenish yellow glit-
tering spots and they were irregularly scattered in leaf. 
?? ???
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Calcium oxalate crystals in leaves of begonia， 
goose foot， in the stem of fir and in aloe are 
shown in Figs. 7， 8， 9 and 10. They were found 
in relatively large cels， which were not specified. 
2 Calcium oxalate crystals isolated from begonia 
Ca1cium oxalate crystals isolated from begonia 
were composed of octahedral single crystals and 
their aggregate particles as shown in Fig.l1. Be-
gonia lucerna contained the same morphological 
crystals as begonia. These crystals resembled those 
prepared by the precipitation in morphology and 
were estimated as calcium oxalate dihydrate1l). 
Crystals were also analyzed chemically as shown in 
Table 2. The crystal structure was certified' by the 
XRD as shown in Fig.1. 
The crystals of ca1cium oxalate dihydrate isolated 
from begonia were stable at room temperature and 
it changed barely to monohydrate after 60 minutes' 
boiling in water. 
3 Calcium oxalate crystals isolated from goose foot 
Crystals isolated from goose foot were composed 
of aggregate particles as shown in Fig.12. 
Tl)e single crystals which constructed the aggregate 
were longish hexagonal plate and the crystals were 
estimated as calcium oxalate monohydrate13). 
Crystals were also analyzed chemically as shown in 
Table 2. They were also confirmed by the XRD 
shown in Fig.1. 
Table 2. Analysis of calcium oxalate crystals isolated from several plants 
Precipitate measured Ca1culated 
Precipitation method 
taken/mg Ca/mmol C204/mmol 日20/mmol
Begonia 109.7 0.708 0.635 1.40 
Goose foot 254.9 1.77 1.72 1.79 
Camellia 103.7 0.766 0.692 0.672 
Aloe 110.7 0.723 0.748 0.880 
Agave 120.9 0.811 0.836 0.823 
4 Calcium oxalate crystals isolated from spinach aggregate particles as shown in Figs. 13， 14 and 
Crystals isolated from spinach were composed of 15. One of the aggregates was composed of 
single crystals， whose shapes were octahedron or longish hexagonal crystals and the other was com輔
prism derived from octahedron， and two types of posed of octahedron or longish diamond shaped 
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crystals. From the shape of single crystals compos-
ed of the aggregate， the former was estimated as 
calcium oxalate monohydrate and the latter was 
estimated as calcium oxalate dihydrate15). XRD 
showed that the crystals isolated from spinach were 
composed of a mixture of calcium oxalate 
monohydrate and dihydrate as shown in Fig.l. 
5 Calcium oxalate crystals in grasses and 
vegetables 
Calcium oxalate crystals isolated from leaves of 
sorrel， garden sorrel， red pepper， saltwort and 
zuiki were composed of aggregate particles， whose 
contents were longish hexagonal plate crystals， and 
they were estimated as calcium oxalate 
monohydrate. XRD confirmed the results. 
6 Calcium oxalate crystals isolated from the 
stem of trees 
Calcium oxalate crystals isolated from fir and 
hymarayan cedar were composed of tetragonal 
shaped single particles as shown in Fig.16. The 
chemical composition of these particles was cer-
tified as calcium oxalate monohydrate by the XRD 
as shown in Fig.1. The crystals having such a 
shape were also produced by the precipitation in a 
certain condition. 
The crystals isolated from Japanese tea， cherry 
tree， ume and camellia were composed of aggregate 
particles as shown in Fig. 17. They were also con-
firmed as calcium oxalate monohydrate by the XRD. 
7 Needle crystals of calcium oxalate 
Calcium oxalate crystals isolated from aloe and 
agave were needles as shown in Figs. 18呂nd1913). 
Thses crystals were confirmed as calcium oxalate 
monohydrate by the chemical analysis (Table 2) 
and the XRD (Fig. 1). Calcium oxalate crystals 
isolated from polyanthus and leaves of hydrangea 
contained also needle crystals of calcium oxalate 
monohydrate as shown in Figs. 20 and 21. 
Selected area electron diffraction patterns obtain剛
ed from calcium oxalate monohydrate prepared by 
the precipitation and those isolated from aloe and 
agave are shown in Figs. 22， 23 and 24. The direc-
tions of growth of the needle crystals are shown in 
these figur巴s.
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Discussion 
Calcium oxalate dihydrate and trihydrate were pro-
duced in the presences of a small quantity and a 
relatively large quantity of citrate or malate. It was 
estimated that citrate or malate ions， which was 
strongly hydrated， brought much water into crystals 
and dihydrate or trihydrate was formed. 
Calcium oxalate crystals contained in each plant 
showed each definite shaped particle having the 
definite chemical composition. Only spinach contain-
ed the both calcium ox昌latemonohydrate and dihydrate. 
It seems that the chemical composition of 
calcium oxalate crystals in plant belonged to the 
contents of ions in cytoplasm. Leaves of several 
plants were extracted in boiling water and the con-
centration of ions was determined by the ion 
chromatography. The extracted ions had existed as 
free state in leaves. The relative amounts of several 
ions to calcium ion are shown in Table 3. Begonia 
contained a relatively large quantity of oxalic acid， 
spinach contained citrate and malate， goose foot 
and garden sorrel contained a small quantity of 
citrate and malate or a large quantity of succinate， 
and aloe and agave contained almost no free ox-
alic acid. These phenomena might relate to the foト
mation of calcium oxalate monohydrate or dihydrate. 
Application of Calcium Oxalate 
Crystals Isolated form Plants 
Calcium oxalate crystals isolated from goose foot 
and begonia were composed of those having single 
chemical composition and stable at room 
temperature and they could be used as standard 
substances for the analysis of the composition of 
calcium oxalate monohydrate and dihydrate in their 
mixture. Calcium oxalate monohydrate and 
dihydrate isolated from goose foot and begonia 
were mixed as the proportion of 25:75， 50:50 and 
75:25 and ground in agate mortar followed by 
x -ray diffraction. The ratios of reflection inten鮒
sities of (200) of monohydrate to that of (411) of 
dihydrate were measured and the relation between 
the proportion of monohydrate and dihydrate and 
the intensity of reflection gave a straight line 
(Ishii) 
Table 3. Relative arnounts of organic acids to calciurn ion in cytoplasrn 
Spinach 
Begonia 
Garden Goose 
Aloe Agave Hydrangea 
rnarket salad sorrel foot 
Ca 1 
C204 31.9 69 354 37.6 132 O O 0.48 
Cit傘 6.4 10 12.5 58.5 8.5 2.88 O O 
Mal榊 17.0 28.3 6.5 44.6 7.6 1.63 5.77 4.74 
Suc寺本事 7.3 2.6 8 49.2 1.8 O O O 
CaC204 H20 or 2H20 2H20 H20 H20 H20 H20 H20 
pH 6.8 1.7 2.4 6.5 5.2 4.7 
本 citrate紳 rnalate同 succinate
which could be used to analyzed the proportion of several calciurn oxalate crystals were obtained as 
rnonohydrate and dihydrate of calciurn oxalate. shown in Table 4. 
The contents of calciurn oxalate dihydrate in 
Table 4. Percentage of calciurn oxalate in sarnple crystals 
Sarnple Percentage of CaC204・2H20
Crystals frorn salad spinach 
Crystals frorn spinach on the rnarket 
Crystals frorn begonia after boiling for 30 rnin 
100 
58 
43 
27 CaC204・2H20 precipitate after standing for a rnonth 
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